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Abstract 

Background: In contrast to obesity, infornnation on the health risks of underweight is sparse. We exannined the 
long-term association between underweight and nnortality by considering factors possibly influencing this relationship. 

Methods: We included 31,578 individuals aged 25-74 years, who participated in population based health studies 
between 1977 and 1993 and were followed-up for survival until 2008 by record linkage with the Swiss National Cohort 
(SNC). Body Mass Index (BMI) was calculated from measured (53% of study population) or self-reported height and 
weight. Underweight was defined as BMI < 18.5 kg/m^. Cox regression models were used to determine mortality 
Hazard Ratios (HR) of underweight vs. normal weight (BMI 18.5- < 25.0 kg/m^). Covariates were study, sex, smoking, 
healthy eating proxy, sports frequency, and educational level. 

Results: Underweight individuals represented 3.0% of the total study population (n = 945), and were mostly women 
(89.9%). Compared to normal weight, underweight was associated with increased all-cause mortality (HR: 1.37; 95% 
CI: 1.14-1.65). Increased risk was apparent in both sexes, regardless of smoking status, and mainly driven by excess 
death from external causes (HR: 3.18; 1.96-5.17), but not cancer, cardiovascular or respiratory diseases. The HR were 1.16 
(0.88-1.53) in studies with measured BMI and 1.59 (1.24-2.05) with self-reported BMI. 

Conclusions: The increased risk of dying of underweight people was mainly due to an increased mortality risk from 
external causes. Using self-reported BMI may lead to an overestimation of mortality risk associated with underweight. 

Keywords: Underweight, Body mass index, Mortality risk. Self-reports, Risk overestimation, Switzerland 



Background 

The association between body weight and health has 
received considerable attention and has major potential 
public health implications. Many epidemiological studies 
focused on the association between increased body mass 
index (BMI) and mortality [1,2]. In contrast, relatively 
little information is available about health risks of people 
with low BMI. Some studies suggest an increased risk of 
death associated with low BMI [3-5]. However, whether 
underweight (BMI < 18.5 kg/m^ [6]) is a risk factor for 
death is still a matter of debate [4,5,7,8]. The observed 
higher mortality among underweight has been attributed 
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to the effects of smoking and preexisting illness, i.e. reverse 
causation [9-11]. Indeed, smoking and preexisting illness 
may be the causes of an (un)intended loss of weight as well 
as the cause of death, potentially explaining the association 
between underweight and mortality. If true, underweight 
is merely an indicator of the effects of these factors 
and not a potentially hazardous exposure. Increased 
mortality risk observed in underweight people might 
be also influenced by other parameters such as age, 
lifestyle and socioeconomic status [12,13]. Moreover, to 
estimate the mortality risk of different anthropometric 
classes, several studies rely on self-reported BMI [9,14]. 
Information on possible misestimation of health risks 
associated with underweight when relying on data using 
self-reported weight and height is sparse [15,16]. We have 
recently hypothesized that the health risk associated with 
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underweight could be overestimated if BMI was computed 
using self- reported weight and height [17]. 

In developed countries, the proportion of underweight 
individuals in the general population is relatively small 
[5,18]. In Switzerland in 2012, 3.7% of the population 
was estimated to be underweight (based on self-reported 
BMI) [19]. We followed-up over 30,000 adults over up 
to 32 years with baseline information on a variety of 
health, socio-demographic, and lifestyle factors [20,21]. 
In this study, we aimed at examining the association 
between underweight and mortality and at determining 
factors influencing this relationship. 

Methods 

Study population 

Our population consists of a pooled dataset from six 
health studies conducted in Switzerland: a) Three 
waves of the Swiss MONICA (MONItoring of trends 
and determinants in CArdiovascular disease) study, 
conducted 1984-1993 [22]; b) the NRP (National 
Research Program) lA, conducted 1977-1979 [21,23]; c) 
the SOMIPOPS (SOcio-Medical Indicators for the 
population of Switzerland) study, conducted in 1981/82 
[24] and d) the SHS 92/93 (Swiss Health Survey 1992/93) 
[25,26]. In the MONICA and NRP lA surveys, a health 
examination was conducted at baseline and the partici- 
pants completed a self-administered questionnaire [21,23]. 
SOMIPOPS participants completed a questionnaire and 
were personally interviewed [24], while SHS participants 
were interviewed by phone [25,26]; in the latter two stud- 
ies, no medical examinations were performed. The studies 
were conducted according to the ethical guidelines of the 
Swiss Academy of Medical Sciences. Informed consent was 
only obtained for SHS 92/93. For the other studies, the use 
of written informed consent was not custom at the time 
they were conducted and the ethics committee approved 
our study under these conditions. For details see [21-28]. 

Originally, none of the four studies provided mortality 
follow-up. This deficit was compensated with anonymous 
record linkage of the study data with the Swiss National 
Cohort (SNC). We limited the baseline age range to that of 
the study with the narrowest range (MONICA: 25-74 
years), leading to 3,940 exclusions. After the exclusion of 
266 subjects with missing BMI values, our final study 
population comprised 31,578 participants with a maximum 
follow-up time of 32 years (Table 1). 

Record linkage procedure with SNC 

In order to determine vital status, anonymous record 
linkage of participants of the six health studies with the 
SNC was conducted, providing also information about 
cause of death. The SNC encompasses all residents of 
Switzerland included in the national censuses of 1990 
and 2000 (6.8 and 7.3 million, respectively). Approval 



(Nr. 13/06) was obtained from the Ethics Committee 
of the Canton of Zurich. The SNC also considers 
information from national migration statistics: emigrated 
persons were censored on their respective emigration 
date. The record linkage procedures included all potential 
identification variables, i.e., variables available in the 
studies and in the SNC. Sex, exact date of birth and 
place of residence were the minimal requirements for a 
promising record linkage. Additional helpful identification 
variables were nationality, marital status, educational 
status and profession [20,21,29]. 9,853 participants of 
the MONICA study (97.0%) [20,28], 8,008 participants of 
the NRP lA project (93.8%) [21,28], 13,819 participants 
of SHS 92/93 (90.4%) and 4,104 participants of the 
SOMIPOPS survey (96.5%) were linked to a census, 
emigration or mortality record of the SNC [20,21]. 

Body mass Index 

Weight and height were measured at baseline in MONICA 
and NRP lA ("participants standing without shoes and 
heavy outer garments" [22]). In SOMIPOPS and SHS 
92/93, weight and height were obtained with the following 
questions: a) SOMIPOPS: "What is your height"; "What is 
your weight?" b) SHS 92/93: "Could you tell me how 
tall you are without shoes?"; "How heavy are you 
without clothes?". BMI was defined as weight (kg) 
divided by the square of height (m) and classified into the 
following categories: underweight (BMI < 18.5 kg/m^), 
normal weight (BMI 18.5- < 25.0 kg/m^), overweight 
(BMI 25.0- < 30.0 kg/m^), obese (BMI >30.0 kg/m^) [6]. 

Covarlates 

Among the variables from the original studies, we 
selected age at baseline, survey waves, smoking status, 
sex, highest achieved educational level and lifestyle 
parameters. No information about health status and 
comorbid conditions at baseline was available in the 
pooled dataset. The following educational classes 
were used: (i) "Mandatory": compulsory schooling 
(corresponding to completed 8th US grade) or less 
(International Standard Classification of Education, 
ISCED 1 and 2); (ii) "Secondary": vocational training 
or high school (completed 12th US grade; ISCED 3); 
(iii) "Tertiary": technical college, upper vocational or 
university education (ISCED 5) [30,31]. The covariate 
"survey waves" refers to the six health studies we 
used (the three MONICA waves, NRP lA, SOMIPOPS 
and SHS 92/93). We classified smoking status into never, 
former, light (<20 cigarettes or 10 cigarillos or 10 pipes or 
5 "stumpen" (a kind of cigar) or 5 cigars a day) and heavy 
(>20 cigarettes or 10 cigarillos or 10 pipes or 5 "stumpen" 
or 5 cigars a day) smokers. As proxies for a healthy 
lifestyle, we used sports frequency ("daily", "several 
times per week", "once per week", "less than once per 
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Table 1 Characteristics of the study population, by BMI assessment type and by BMI category 

Measured BMI Self-reported BMI 

Body mass index category (kg/m^) Body mass index category (kg/m^) 
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597 


9274 


4050 


906 


Participants (in % of total n, by BMI 
assessment type) 


2.1 


51.6 


35.5 


10.8 




4.0 


62.5 


27.3 


6.1 


Women (%) 


87.9 


59.7 


38.0 


47.3 




91.1 


58.8 


35.7 


47.7 


Mean BMI (kg/m^) 


17.7 


22.3 


27.1 


32.8 




17.6 


22.1 


26.9 


33.0 


Mean follow-up time (years) 


23.3 


22.3 


20.2 


18.8 




16.9 


17.1 


16.7 


15.9 


Mean age (years) 


41.0 


43.4 


48.8 


52.1 




40.4 


44.1 


49.9 


52.1 


Mortality 




















All-cause 




















Deaths^ (n) 


57 


1526 


1516 


615 




73 


1173 


851 


243 


Person-years (py) 


8096 


192739 


120456 


33840 




10055 


158996 


67575 


14468 


Age-standardized rate (per 100000 py) 


909 


800 


915 


1117 




1059 


799 


924 


1090 


Cardiovascular diseases (CVD) 




















Deaths (n) 


16 


468 


529 


251 




18 


407 


307 


96 


Deaths (in % of all-cause deaths) 


28.1 


30.7 


34.9 


40.8 




24.7 


34.7 


36.1 


39.5 


Age-standardized rate (per 100000 py) 


282 


269 


321 


464 




342 


294 


332 


437 


Cancer 




















Deaths (n) 


17 


567 


542 


205 




27 


427 


293 


73 


Deaths (in % of all-cause deaths) 


29.8 


37.2 


35.8 


33.3 




37.0 


36.4 


34.4 


30.0 


Age-standardized rate (per 100000 py) 


230 


263 


299 


359 




386 


264 


301 


321 


Respiratory diseases 




















Deaths (n) 


3 


91 


77 


28 




2 


69 


49 


20 


Deaths (in % of all-cause deaths) 


5.3 


6.0 


5.1 


4.6 




2.7 


5.9 


5.8 


8.2 


Age-standardized rate (per 100000 py) 


54 


51 


48 


52 




29 


50 


50 


90 


External causes 




















Deaths (n) 


10 


121 


92 


30 




10 


68 


39 


6 


Deaths (in % of all-cause deaths) 


17.5 


7.9 


6.1 


4.9 




13.7 


5.8 


4.6 


2.5 


Age-standardized rate (per 100000 py) 


174 


63 


75 


58 




109 


48 


49 


34 


Other 




















Deaths (n) 


11 


265 


265 


98 




16 


198 


157 


48 


Deaths (in % of all-cause deaths) 


19.3 


17.4 


17.5 


15.9 




21.9 


16.9 


18.5 


19.8 


Age-standardized rate (per 100000 py) 


169 


148 


166 


177 




192 


140 


185 


209 


Covariates 




















Smoking status" 










31 










Never smokers (%) 


54.5 


47.7 


45.1 


51.7 




46.1 


46.6 


40.7 


44.5 


Former smokers (%) 


9.5 


14.5 


20.6 


21.2 




13.1 


19.4 


25.8 


27.1 


Current light smokers (%) 


21.0 


21.7 


18.4 


15.0 




25.3 


20.3 


18.6 


14.8 


Current heavy smokers (%) 


15.0 


16.1 


15.9 


12.1 




15.4 


13.7 


14.9 


13.6 


Healthy eating* (%) 


77.3 


71.6 


68.7 


66.3 


23 


68.3 


67.1 


64.9 


65.6 


Sport 










334 










Daily (%) 


6.7 


6.3 


5.3 


3.2 




6.7 


6.5 


6.7 


7.1 


Several times per week (%) 


11.1 


17.6 


14.8 


8.6 




26.1 


30.2 


25.5 


20.1 


Once per week (%) 


24.4 


24.8 


20.7 


13.7 




22.6 


23.6 


20.0 


16.7 



Missings (n) 
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Table 1 Characteristics of the study population, by BMI assessment type and by BMI category (Continued) 



Less than once per week (%) 


57.9 


51.3 


59.2 


74.6 




44.6 


39.7 


47.8 


56.1 




Education 










29 










185 


Tertiary (%) 


6.9 


6.8 


5.0 


3.9 




9.6 


8.2 


6.0 


3.8 




Upper secondary (%) 


15.6 


14.1 


9.8 


6.6 




13.9 


15.0 


14.6 


10.8 




Secondary (%) 


54.8 


48.8 


46.4 


40.8 




62.8 


57.2 


51.8 


47.7 




Mandatory (%) 


22.8 


30.3 


38.8 


48.7 




13.7 


19.5 


27.6 


37.6 





^38 participants witli missing information on cause of death. "Current light smokers: <20 cigarettes or 10 cigarillos or 10 pipes or 5 "stumpen" or 5 cigars a day. 
Current heavy smokers: >20 cigarettes or 10 cigarillos or 10 pipes or 5 "stumpen" or 5 cigars a day. ^Defined as follows: MONICA, NRP 1A and SOMIPOPS: regularly 
eating three main meals per day; SHS 92/93: eating fruits and vegetables at least once per day. 31,578 participants (25-74 years at baseline) of Swiss MONICA, 
NRP1A, SOMIPOPS and SHS 92/93. Measured BMI: Swiss MONICA: 9,837 part. NRP 1A: 6,914 part. Self-reported BMI: SOMIPOPS: 3,503 part. SHS 92/93: 11,324 part. 



week") and healthy eating, which was defined as follows: 
a) in MONICA, NRP lA and SOMIPOPS: regularly eating 
three main meals per day b) in SHS 92/93: eating 
fruits and vegetables at least once per day (details in 
the Additional file 1). 

Outcome variables 

Causes of death were coded according to the International 
Classification of Diseases (ICD) (8^^ revision until 
1994 and 10^^ revision since 1995). We grouped them into: 
cardiovascular diseases (CVD) (ICD-8: 390-458; ICD-10: 
100499), cancer (ICD-8: 140-239; ICD-10: C00-C99; 
D00-D48), respiratory diseases (ICD-8: 460-519; ICD- 10: 
J00-J99), external causes (ICD-8: 800-999; ICDIO: 
S00-T98; V01-Y98) and other causes (remainder). 

Statistical analysis 

For descriptive analyses, we stratified the population by 
the type of BMI assessment (measured or self-reported) 
and calculated counts, means and proportions. Age- 
standardized mortality rates by BMI category were 
obtained with the direct method (Reference: population 
of Switzerland in 2000). We calculated hazard ratios (HR) 
for all-cause mortality associated with the different BMI 
categories for the pooled data, as well as for measured 
and self-reported data separately. For this purpose, we 
calculated five different Cox models using survival 
time from study entry, adjusted for: 1) baseline age 
and age^, sex, survey (waves); 2) model 1 additionally ad- 
justed for smoking status; 3) model 2 additionally adjusted 
for lifestyle proxies; 4) model 2 additionally adjusted for 
educational level; 5) combination of model 3) and 4). The 
proportional hazards assumption was visually inspected 
and tested using Schonfeld residuals. Whenever this 
assumption was not fulfilled, the respective variables were 
included as time-dependent covariates in the model. We 
performed a model choice procedure based on the mea- 
sured data using the Bayesian information criterion (BIC) 
and Akaikes information criterion (AIC). We compared 
models with each of the lifestyle proxies that were origin- 
ally available in all six studies, and all possible combina- 
tions of these variables. We did the same with the socio- 



demographic variables. Given the predominant impact of 
smoking on survival probability, we decided to adjust for 
smoking status in all models that were compared. In 
order to compare the different models, participants 
with missing values for any of the tested variables 
were excluded before the procedure. Cox models were 
also calculated for the five categories of specific causes 
of death. For comparison, we also looked at the results of 
a competing risks regression model. Additionally, we 
performed a propensity matched analysis for the 
underweight group in the dataset with measured BMI, 
where matching was based on the covariates in model 
5. Furthermore, we performed sensitivity analyses by 
excluding the first years of follow-up (1 to 5 years) 
and with different follow-up times (10 to 30 years). 

The BMI values associated with the lowest mortality risk 
were determined by refitting model 2 with a cubic spline 
for BMI. As BMI was used as a continuous variable in these 
analyses, we excluded participants with extreme values 
[<15 kg/m^, n = 8 (0.03%); >45 kg/m^ n = 23 (0.07%)]. The 
BMI value with minimal mortality risk was found by 
plotting the functional form of the spline and determining 
its minimum after fitting the model. Based on the result of 
this spline analysis (Additional file 1: Figure S2), we decided 
to use another BMI categorization for the successive 
analysis. We created seven categories and defined a 
BMI between 20 and 22.5 kg/m^ as the reference group. 
The second Cox model was used to estimate the HR with 
interactions between the type of BMI assessment (available 
on study level: measured vs. self-reported), age group 
(below or above the median age (45)), smoking status 
(non-smokers vs. current smokers) and sex. Descriptive 
analyses. Cox and logistic regression were performed with 
STATA 12 (StataCorp. 2011. Stata Statistical Software: 
Release 12. College Station, TX: StataCorp LP), spline 
analyses and propensity matching were conducted with R 
3.0.1 (R Foundation for Statistical Computing, 2013). 

Results 

Descriptive analysis 

As shown in Table 1, participants were equally distributed 
over the type of BMI assessment (measured BMI: 53.0%). 
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Differences between the studies with measurements and 
those with self-reports concerned the length of follow-up 
(mean follow-up time shorter in self-reports), educational 
level (larger proportion of persons with upper educational 
level in self-reports) and linguistic region (measurements: 
50.5% from the French speaking part of Switzerland; 
self-reports: 67.9% from the German speaking part). 

Underweight individuals represented 3.0% (n = 945) of 
the total study population and were mostly women 
(89.9%). The prevalence of underweight was 2.1% in 
studies using measured BMI and 4.0% in studies 
using self-reported BMI. Among the underweight 
participants, the majority of deaths were due to non- 
cancer-non-cvd-non-respiratory causes (36.2%), followed 
by cancer (33.8%) and CVD (26.2%). In normal weight 
persons, the figures were 24.2%, 36.8% (cancer) and 32.4% 
(CVD). Regarding remaining causes, in underweight indi- 
viduals, 15.4% (of all deaths) were due to external causes 
(suicides n = 4, transport accidents n = 5, other accidents 
n=ll, for details see Additional file 1: Table SI). This 
figure was lower in those with normal weight (7.0%) and in 
those without underweight, i.e. BMI >18.5 kg/m^ (6.0%). 

Survival analyses 

Table 2 displays the all-cause mortality risk (HR) associ- 
ated with each BMI category for the distinct Cox 
models. In the total study population, a BMI <18.5 kg/m^ 
was significantly associated with an increased mortality 
(HR between 1.35 and 1.40; 95% CI were in the range 
between 1.12 and 1.68) in comparison to the reference 
group (BMI 18.5- < 25 kg/m^). After full adjustment 
(model 5), all-cause mortality risk was increased by 37% 
among the underweight participants compared to partici- 
pants in the normal weight category. In the measured 
dataset, the results did not reach statistical significance 
(HR from 1.15 to 1.17, 95% CI ranged 0.87-1.54). In the 
self-reported dataset, the results were all statistically 
significant with HR varying from 1.56 to 1.65 (95% CI 
ranged 1.21-2.11). For a graphical representation of the 
results, see Additional file 1: Figure SI. Regarding specific 
causes of death in the pooled dataset and after full 
adjustment, underweight participants had a HR of 3.18 
(95% CI: 1.96-5.17) for death due to external causes. The 
results were 1.18 (0.82-1.70), for CVD, 1.29 (0.95-1.75) 
for cancer and 1.04 (0.42-2.55) for respiratory diseases 
(Additional file 1: Table S2 and S3). The estimation of 
specific-mortality HR with competing risk models did not 
markedly modify the results (results not shown). Sensitivity 
analysis with follow-up time varying from 10 to 30 years 
resulted in no fundamental difference for the estimated 
mortality risk. Similarly, exclusion of the first follow-up 
years (1 to 5 years) did not substantially change the 
estimates (see Additional file 1: Table S4). No differences 
between the underweight and the normal weight group 



Table 2 Adjusted hazard ratios for all-cause mortality, by 
BMI category 



Body mass index category (kg/m 



Pooled data 
Deaths (n) 
Model 1 
Model 2 
Model 3 
Model 4 
Model 5 



<18.5 
HR (95%CI) 

121 

1.39 (1.16-1.67) 
1.38 (1.15-1.66) 
1.35 (1.12-1.62) 

1.40 (1.17-1.68) 
1.37 (1.14-1.65) 



Measured BMI data 

Deaths (n) 54 

Model 1 1.16 (0.88-1.52) 

Model 2 1.16 (0.88-1.52) 

Model 3 1.15 (0.87-1.51) 

Model 4 1.17 (0.89-1.54) 

Model 5 1.16 (0.88-1.53) 
Self-reported BMI data 

Deaths (n) 67 

Model 1 1.64 (1.28-2.10) 

Model 2 1.61 (1.25-2.06) 

Model 3 1.56 (1.21-2.00) 

Model 4 1.65 (1.28-2.11) 

Model 5 1.59 (1.24-2.05) 



18.5- <25 
HR 

2551 
1 
1 
1 
1 
1 

1452 
1 
1 
1 
1 
1 

1099 
1 
1 
1 
1 
1 



25- <30 
HR (95% CI) 

2209 
1.04 (0.98-1.10) 
1.04 (0.99-1.11) 
1.03 (0.98-1.10) 

1.03 (0.97-1.09) 
1.02 (0.97-1.09) 

1433 
1.02 (0.95-1.10) 

1.04 (0.96-1.12) 
1.02 (0.95-1.10) 
1.02 (0.95-1.10) 
1.01 (0.94-1.09) 

776 

1.06 (0.96-1.16) 
1.06 (0.97-1.17) 

1.05 (0.96-1.16) 
1.05 (0.95-1.15) 
1.04 (0.95-1.15) 



>30 
HR (95% CI) 

813 

1.36 (1.26-1.48) 
1.38 (1.28-1.50) 

1.34 (1.24-1.45) 

1.35 (1.25-1.47) 

1.32 (1.22-1.43) 

585 

1.35 (1.22-1.49) 
1.38 (1.25-1.53) 

1.33 (1.20-1.46) 
1.35 (1.22-1.49) 

1.31 (1.18-1.44) 

228 

1.37 (1.19-1.58) 

1.38 (1.19-1.59) 

1.34 (1.16-1.55) 

1.35 (1.17-1.56) 

1.32 (1.14-1.53) 



Model 1: adjusted for age, age^, sex, and study waves. Model 2: Model 1 + adjusted 
for smoking status. Model 3: Model 2 + adjusted for lifestyle variables: sports 
frequency + healthy eating. Model 4: Model 2 + adjusted for educational level. 
Model 5: Model 3 + Model 4. 

30,547 participants (25-74 years at baseline) of the Swiss MONICA, NRP1A, 
SOMIPOPS and SHS 92/93. 

Measured BMI Data: Swiss MONICA + NRP 1A: 16,348 participants. Self-reported 
BMI Data: SOMIPOPS + SHS 92/93: 14,199 participants. 



could be found in a propensity matched analysis of the 
dataset with measured BMI. 

Comparison between different groups 

Figure 1 shows all-cause mortality risks for the interaction 
terms of BMI category and the type of BMI assessment, 
age group, smoking status and sex. Based on a cubic spline 
model, a BMI of 22.4 kg/m^ was associated with the 
lowest mortality risk. In the measured dataset and the 
self-reported, the lowest mortality risk corresponded 
to a BMI of 19.9 and 22.6 kg/m^ respectively. Splines by 
the type of assessment are shown in the Additional file 1: 
Figure S2. Compared to participants with measured BMI 
values between 20 and <22.5 kg/m^ (reference category), 
the increase in mortality risk for underweight individuals 
reached statistical significance only for self-reports [HR 
(95% CI): 1.64 (1.28-2.10) for self-reported data and 1.19 
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Figure 1 Hazard ratios (all-cause mortality) with 95% confidence interval for interactions with BMI category. Interaction with the type of 
BMI assessment (A), age group (B), smol<ing status (C) and sex (D) and adjustment for age at baseline, age^, sex, study waves, smoking status. 
Reference categories are participants with BMI between 20 and <22.5 kg/m^ and either measured BMI (A), aged between 25 and 45 years (B), 
non-smokers (never and former) (C) or women (D). 31,528 participants (25-74 years at baseline) of the Swiss MONICA, NRP lA, SOMIPOPS and 
SHS 92/93. Number of deaths in the underweight group: A) measured BMI: 56, self-reported BMI: 72; B) aged between 25 and 45 years: 28, aged 
between 46 and 74 years: 100; C) non-smokers: 70, current smokers: 58; D) men: 24, women: 104. 



(0.90-1.57) for measured data] (Figure lA). Mortality risk 
patterns do not show fundamental differences according 
to age (Figure IB). Among underweight participants aged 
46-74 years, all-cause mortality risk was 48% higher 
than among younger participants in the BMI category 
20- < 22.5 kg/ml All -cause mortality risks for non- 
smokers (never and former) and current smokers 
(light and heavy) followed a similar pattern (Figure IC). 
Underweight current smokers had a 3 times higher HR 
than non-smokers in the BMI class 20- < 22.5 kg/m^. 
Non-smoking underweight participants had a HR of 
1.29 (95% CI: 1.00-1.65) compared to non-smokers in the 
BMI category 20- < 22.5 kg/m^. The risk patterns are 
J-shaped for both men and women, although estimates 
tended to be larger in men (Figure ID). 

Discussion 

Main results 

In this population-based census-linked cohort of 31,578 
individuals from Switzerland with up to 32 years of 
follow-up, we found a J-shaped long-term association 



between mortality risk and BMI with an increased risk 
at both extremes of the BMI range. Among underweight 
participants, deaths from external causes were mainly 
responsible for the increased risk of death. The mortality 
risk of underweight tended to be weaker in studies using 
measured BMI compared to studies using self-reported 
BMI. The risk was substantially increased among under- 
weight current smokers compared to non-smokers in the 
normal weight category. There were no fundamental 
differences in the shape of the association between older 
and younger persons and between men and women. 

Association of underweight and mortality risks 

Our results are in line with previous studies, which re- 
ported an increased mortality risk in people with under- 
weight [3,14,18], suggesting a U- or J-shaped association 
between BMI and mortality [4,5,32]. Comparison of our 
results with HR from other studies is difficult due to 
variations in the definition of the reference group, age 
range and other characteristics of the examined popula- 
tion, in the definition of underweight and in the analytic 
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approach. Others reported HR in the range between 1 and 
2 [3,4,14]. The BMI range associated with the lowest risk 
(22-25 kg/m^) was also in accordance with our results 
[1,4,9]. Among underweight subjects, an increased mortality 
risk was driven by causes other than cancer, CVD or 
respiratory diseases in most studies, corroborating our 
findings [1,9,14,33]. In our population, external causes 
of death (e.g. accidents, suicides) were more frequent 
among underweight individuals than in the other BMI 
categories. It can be speculated about whether underweight 
not only increases the risk of injuries [34], but also impairs 
survival after an accident [35,36]. Furthermore, studies 
have suggested an association between low BMI and 
depression, as well as increased risk of suicide [37-39]. In 
contrast to others, we found no evidence for increased risk 
due to death from respiratory diseases [4,5,33]. Few studies 
reported an increased risk of CVD [5,9] or cancer mortality 
[1] related to underweight. Due to the fact that some 
diseases can simultaneously cause weight loss and increase 
mortality risk, reverse causation by preexisting illness 
has been proposed to explain the association between 
underweight and increased mortality [1,5,10,11]. Analyses 
without the five first years of follow-up only marginally 
changed our results, indicating that only few people had a 
severe disease when they were included in the study. This 
is in line with a recent commentary of Flegal et al. [11], 
suggesting little evidence that associations between BMI 
and mortality are biased by effects of preexisting illness. 

Measurement vs. self-report 

In studies with measurements, the proportion of 
underweight persons was larger than in studies using 
self-reported BMI. Others suggested that underweight 
people tended to overreport their weight [40,41], 
which might outweigh the misestimation of height 
and, thus, lead to an underestimation of underweight 
prevalence when relying on self-reports [41]. Gender 
differences in reporting weight [40,42] might explain some 
of the larger prevalence observed in our study. Separate 
analyses also suggest underweight self-report bias in 
women, but not in men (see Additional file 1: Table S5). 
For BMI below 22.5 kg/m^, the HR appeared different in 
the two datasets with only self-reports reaching statistical 
significance (Figure lA). In contrast, the shape of the 
association was virtually congruent for the rest of the BMI 
range (i.e. BMI >22.5 kg/m^). Studies have reported an 
overestimation of the risk associated with obesity based on 
self-reports [15,16,43]. Counterintuitively, we hypothesized 
that such a risk overestimation could also occur when using 
underweight based on self-reports. Similarly to the 
risk associated with obesity, misclassification could 
lead to classification of underweight persons (based 
on self-reports) in a "wrong" risk class [17]. Our results 
supported this concept as we observed a more pronounced 



risk in underweight participants with self-reported 
BMI (Figure lA). 

Smoking status, sex and age 

Several authors have argued that the observed relationship 
between higher mortality risk and underweight was largely 
explained by the confounding effect of smoking status 
[1,9,12]. Using an interaction between smoking status and 
BMI category, we found similar risk patterns among 
non-smokers and current smokers (Figure IC), and still 
observed an increased mortality risk among underweight 
non-smokers, as reported by others [4,5]. Nonetheless, 
mortality risks were substantially increased in current 
smokers, corroborating previous findings [1,5,32]. 
Regarding lung cancer among smokers, persons with 
low BMI had a higher risk than persons with higher BMI, 
which could not be explained by residual confounding or 
bias [44]. In line with others [1,14,45], smoking was 
more common among underweight individuals than 
in those with a higher BMI (Additional file 1: Table S5). 
Our results suggest that smokers are a particularly suscep- 
tible population, when they are also underweight (vs. not 
underweight) (Figure IC). This coincidence also raises the 
question about the presence of an underlying risk behavior 
pattern favoring at the same time smoking, underweight 
and the risk of death from external causes [46,47]. 

Studies indicated a variation in the mortality risk 
depending on age [4]. Some observed a higher risk 
associated with underweight among older participants 
[3,48], which we could not confirm (Figure IB). In 
our sample, younger participants were at increased odds 
of being underweight (Additional file 1: Table S5). In 
addition, our baseline age range of 25 to 74 years could 
have been too narrow to discern a possible effect of age 
on the underweight-mortality relationship. As found by 
others, underweight was more common among women 
[4,5]. Nevertheless, the mortality risk patterns were similar 
among men and women as previously reported [5,14]. 

Limitations 

We used pooled data from two studies with measured 
BMI and two with self-reported BMI to increase the 
robustness of the analyses. However, the number of 
deaths in the underweight category remained borderline 
for stratified analyses. Pooling data from studies with 
different assessment methods might introduce some bias. 
Therefore, we conducted all analyses for the two datasets 
separately. In addition, we performed the analyses with 
an interaction between BMI category and the type of 
assessment, which allowed for the direct comparison of 
the results (Figure lA). We observed a similar mortality 
risk pattern according to BMI for the two datasets. 
Within the type of BMI assessment, studies are relatively 
consistent and comparable. However, we cannot exclude 
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that the variations between studies with self-reports and 
measurements are not due to type of assessment but 
to (other) differences in study design or population 
characteristics. As a mixed effects Cox model with a 
random effect for survey lead to virtually unchanged 
results, we only adjusted all models for the study 
waves and performed sensitivity analyses with different 
follow-up time, which did not fundamentally modify 
our results. As reported for MONICA [20], our study 
population might be healthier than the general population, 
which might have influenced our results. As we had no 
information on possible pre-existing diseases at baseline, 
we cannot completely eliminate reverse causation as a 
reason for the increased mortality risk observed among 
underweight participants [49]. Furthermore, BMI of the 
participants was assessed only at baseline. We had no 
information on possible weight loss or gain during follow- 
up period. Thus, we cannot exclude that subjects were in 
a different BMI category at baseline and at the time of 
death or censoring, nor estimate the impact of weight 
change on mortality. Due to the nature of our study, we 
could not infer causality in the association between BMI 
and mortality. In analogy to the use of BMI to define 
obesity [50] it can generally be disputed, how validly 
BMI captures the risk of being underweight. Finally, we 
had only information on mortality but not morbidity 
outcomes. 

Conclusions 

Underweight individuals are at increased risk of dying, 
mainly due to external causes of death. This prompts at 
screening and counseling this risk group for modifiable 
risk factors for external causes of death, e.g. frailty or al- 
cohol or drug abuse. Furthermore, among underweight 
individuals, smokers may be regarded as a vulnerable 
population. The use of self-reported BMI could lead to an 
overestimation of the association between underweight 
and mortality. Further research with study participants 
first providing self-reported height and weight and later 
being measured (without knowing it in the first place) is 
needed to better understand potential bias induced when 
relying on self-reports. 

Additional file 



BMI data (B) and self-reported BMI data (C). Figure S3. Hazard Ratios 
(all-cause mortality) with 95% confidence interval for the measured BMI 
data for interactions with BMI category. Figure S4. Hazard Ratios (all-cause 
mortality) with 95% confidence interval for the self-reported BMI data for 
interactions with BMI category. Table S5. Logistic regression model for not 
underweight vs. underweight. 



Abbreviations 

AlC: Akaike's information criterion; BIC: Bayesian information criterion; 
BMI: Body mass index; CVD: Cardiovascular diseases; HR: Hazard ratio; 
ICD: International classification of diseases; MONICA: Monitoring of trends 
and determinants in cardiovascular disease; NRP lA: National research 
program lA; SHS 92/93: Swiss health survey 1992/93; SOMIPOPS: SOcio-Medical 
Indicators for the POPulation of Switzerland; SNC: Swiss national cohort. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

DF designed the study and advised regarding analysis of data and 
presentation of the results. LR conducted the statistical analyses and wrote 
the first draft of the manuscript. JB assisted in the record linkage and the 
statistical analyses. MB conducted the record linkage and cleaned the data. 
JB, AC, MB, SR and DF critically revised and improved the content of the 
manuscript. All authors read and approved the final manuscript. 

Acknowledgments 

We thank the Swiss Federal Statistical Office for providing mortality and 
census data and for supporting the Swiss National Cohort. The members of 
the Swiss National Cohort Study Group are Matthias Egger (Chairman of 
Executive Board), Adrian Spoerri and Marcel Zwahlen (Bern), Milo Puhan 
(Chairman of Scientific Board) and Matthias Bopp (both Zurich), Nino Kunzli 
(Basel), Fred Paccaud (Lausanne) and Michel Oris (Geneva). This work was 
supported by the Swiss National Science Foundation (grants 3347CO-1 08806 
and 33CS30-1 34273). We are also grateful to Sara Drescher for language 
editing. 

Author details 

^Institute of Social and Preventive Medicine (ISPM), University of Zurich, 
Hirschengraben 84, 8001 Zurich, Switzerland. ^Institute of Social and 
Preventive Medicine (lUMSP), Lausanne University Hospital, Lausanne, 
Switzerland. ^Observatoire valaisan de la sante (OVS), Sion, Switzerland. 

Received: 28 October 2013 Accepted: 3 April 2014 
Published: 16 April 2014 

References 

1. Whitlock G, Lewington S, Sherliker P, Clarke R, Emberson J, Halsey J, 
Qizilbash N, Collins R, Peto R: Body-mass index and cause-specific mortality 
in 900 000 adults: collaborative analyses of 57 prospective studies. 
Lancet 2009, 373(9669):! 083-1 096. 

2. Flegal KM, Kit BK, Orpana H, Graubard Bl: Association of all-cause mortality 
with ovenA/eight and obesity using standard body mass index categories: a 
systematic review and meta-analysis. JAMA 2013, 309(1 ):71 -82. 

3. Flegal KM, Graubard Bl, Williamson DF, Gail MH: Excess deaths associated 
with underweight, ovenA/eight, and obesity. JAMA 2005, 293(1 5):1 861 -1867. 

4. Jee SH, Sull JW, Park J, Lee SY, Ohrr H, Guallar E, Samet JM: Body-mass 
index and mortality in Korean men and women. N Engl J Med 2006, 
355(8):779-787. 

5. Klenk J, Nagel G, Ulmer H, Strasak A, Concin H, Diem G, Rapp K: Body mass 
index and mortality: results of a cohort of 184,697 adults in Austria. Eur J 
Epidemiol 2009, 24(2):83-91. 

6. National Institutes of Health: Clinical guidelines on the identification, 
evaluation, and treatment of overweight and obesity in adults-the 
evidence report. Obes Res 1998, 6(Suppl 2):51S-209S. 

7. Willett WC, Hu FB, Colditz GA, Manson JE: Underweight, overweight, 
obesity, and excess deaths. JAMA 2005, 294(5):551. 

8. Manson JE, Bassuk SS, Hu FB, Stampfer MJ, Colditz GA, Willett WC: 
Estimating the number of deaths due to obesity: can the divergent 
findings be reconciled? J Womens Health (Larchmt) 2007, 16(2):168-176. 



Additional file 1: List of questions corresponding to the covariates 
used in the Cox regression models by study. Table SI. Specified 
cause of death of persons with underweight died from external causes 
(n = 20). Figure SI. Adjusted hazard ratios for all-cause mortality by BMI 
category. Table S2. Hazard ratios for cause specific mortality by BMI 
category and full adjustment. Table S3. Hazard ratios for cause specific 
mortality by BMI category and adjustment for age, age"^, sex, study waves 
and smoking status. Table S4. Hazard ratios (all-cause mortality) without 
the first years of follow-up and with different follow-up time. Figure S2. 
Association of BMI with all-cause mortality (Hazard ratio) using a Cox model 
analysis with a cubic spline for BMI fitted to the pooled Data (A), measured 



Roh et al. BMC Public Health 2014, 14:371 
http://www.bionnedcentral.conn/1471-2458/14/371 



Page 9 of 9 



9. Calle EE, Thun MJ, Petrelli JM, Rodriguez C, Heath CW: Body-mass index 
and mortality in a prospective cohort of US adults. New Engl J Med 1999, 
341(15):! 097-1 105. 

10. Flegal KM, Graubard Bl, Williamson DP, Gail MH: Impact of smoking and 
preexisting illness on estimates of the fractions of deaths associated 
with underweight, overweight, and obesity in the US population. Am J 

Epidemiol 2007, 166(8):975-982. 

11. Flegal KM, Graubard Bl, Williamson DP, Cooper RS: Reverse causation and 
illness-related weight loss in observational studies of body weight and 
mortality. Am J Epidemiol 201 1, 173(1):1-9. 

1 2. Willett WC, Dietz WH, Colditz GA: Guidelines for healthy weight. N Engl J 
/Wed 1999, 341(6):427-434. 

13. Thorogood M, Appleby PN, Key TJ, Mann J: Relation between body mass 
index and mortality in an unusually slim cohort. J Epidemiol Community 
Health 2003, 57(2):130-133. 

14. Berrington de Gonzalez A, Hartge P, Cerhan JR, Plint AJ, Hannan L, Maclnnis RJ, 
Moore SC, Tobias GS, Anton-Culver H, Preeman LB, Beeson WL, Clipp SL, 
English DR, Polsom AR, Preedman DM, Giles G, Hakansson N, Henderson KD, 
Hoffman-Bolton J, Hoppin JA, Koenig KL, Lee IM, Linet MS, Park Y, Pocobelli G, 
Schatzkin A, Sesso HD, Weiderpass E, Willcox BJ, Wolk A, et al: Body-mass 
index and mortality among 1.46 million white adults. N Engl J Med 2010, 
363(23):221 1-2219. 

15. Chiolero A, Peytremann-Bridevaux I, Paccaud P: Associations between 
obesity and health conditions may be overestimated if self-reported 
body mass index is used. Obes Rev 2007, 8(4):373-374 

16. Shields M, Gorber SC, Tremblay MS: Effects of measurement on obesity 
and morbidity. Health Rep 2008, 19(2):77-84. 

17. Paeh D, Roh L, Paccaud P, Chiolero A: Mortality risk of obesity and 
underweight is overestimated with self-reported body mass index. 
Epidemiology 2014, 25(1 ):1 56-1 58. 

1 8. Paeh D, Braun J, Tarnutzer S, Bopp M: Obesity but not ovenA/eight is associated 
with increased mortality risk. Eur J Epidemiol 201 1, 26(8):647-655. 

19. Federal Statistical Office: Factors influencing health - Data, indicators: Body 
weight: Body mass index (BMI) weight categories. http://www.portal-stat. 
admin.ch/sgb2012/docs/su-d-14.02-ESS-BMIGRP4_CH.xls. 

20. Bopp M, Braun J, Paeh D, Gutzwiller F: Establishing a follow-up of the 
Swiss MONICA participants (1984-1993): record linkage with census and 
mortality data. BMC Public Health 2010, 10:562. 

21. Bopp M, Braun J, Gutzwiller F, Paeh D: Health risk or resource? Gradual 
and independent association between self-rated health and mortality 
persists over 30 years. PLoS One 2012, 7(2):e30795. 

22. Wietlisbach V, Paccaud F, Rickenbach M, Gutzwiller F: Trends in 
cardiovascular risk factors (1984-1993) in a Swiss region: results of three 
population surveys. Prev Med 1997, 26(4):523-533. 

23. Gutzwiller F, Nater B, Martin J: Community-based primary prevention of 
cardiovascular-disease in Switzerland - Methods and Results of the 
National Research-Program (Nrp la). Prev Med 1985, 14(4):482-491. 

24 Gutzwiller F, Leu RE, Schuiz HR, Schroter R, Zemp E: The Swiss Health 
Survey Project (Somipops) - an example of a data-collection effort from 
various sources. Soz Praventiv Med 1 985, 30(2):76-79. 

25. Eichholzer M, Bisig B: Daily consumption of (red) meat or meat products 
in Switzerland: results of the 1992/93 Swiss Health Survey. Eur J Clin Nutr 
2000, 54(2):136-142. 

26. Calmonte R, GalatPPetrecca M, Lieberherr R, Neuhaus M, Kahlmeier S: 
Gesundheit und Gesundheitsverhalten in derSchweiz 1992-2002. Schweizerische 
Gesundheitsbefragung. Neuchatel: Swiss Federal Statistical Office; 2005. 

27. Paeh D, Bopp M: Excess weight in the canton of Zurich, 1 992-2009: harbinger 
of a trend reversal in Switzerland? Swiss Med Wkly 2010, 140:w13090. 

28. Maag J, Braun J, Bopp M, Paeh D: Direct estimation of death attributable 
to smoking in Switzerland Based on record linkage of routine and 
observational data. Nicotine Job Res 2013, 15(9):1 588-1 597. 

29. Bopp M, Spoerri A, Zwahlen M, Gutzwiller F, Paccaud F, Braun-Pahrlander C, 
Rougemont A, Egger M: Cohort Profile: the Swiss National Cohort-a 
longitudinal study of 6.8 million people. Int J Epidemiology 2009, 
38(2):379-384 

30. Bopp M, Minder CE: Mortality by education in German speaking 
Switzerland, 1990-1997: results from the Swiss National Cohort. Int J 

Epidemiology 2003, 32(3):346-354 

31. Lynch J, Smith GD, Harper S, Hillemeier M, Ross N, Kaplan GA, Wolfson M: Is 
income inequality a determinant of population health? Part 1. A 
systematic review. The Milbank quarterly 2004, 82(1):5-99. 



32. Adams KF, Schatzkin A, Harris TB, Kipnis V, Mouw T, Ballard-Barbash R, 
Hollenbeck A, Leitzmann MP: Overweight, obesity, and mortality in a large 
prospective cohort of persons 50 to 71 years old. N Engl J Med 2006, 
355(8):763-778. 

33. Flegal KM, Graubard Bl, Williamson DP, Gail MH: Cause-specific excess 
deaths associated with underweight, overweight, and obesity. JAMA 2007, 
298(1 7):2028-2037. 

34 De Laet C, Kanis JA, Oden A, Johanson H, Johnell 0, Delmas P, Eisman JA, 
Kroger H, Fujiwara S, Garnero P, McCloskey EV, Mellstrom D, Melton LJ 3rd, 
Meunier PJ, Pols HA, Reeve J, Silman A, Tenenhouse A: Body mass index as 
a predictor of fracture risk: a meta-analysis. Osteoporos Int 2005, 
1 6(1 1):1 330-1 338. 

35. Sivak M, Schoettle B, Rupp J: Survival in fatal road crashes: body mass 
index, gender, and safety belt use. Traffic Inj Prev 2010, 1 1(1):66-68. 

36. Tremblay A, Bandi V: Impact of body mass index on outcomes following 
critical care. Chest 2003, 123(4):1 202-1 207. 

37. de Wit LM, van Straten A, van Herten M, Penninx BW, Cuijpers P: 
Depression and body mass index, a u-shaped association. BMC Public 
Health 2009, 9:14 

38. Magnusson PK, Rasmussen F, Lawlor DA, Tynelius P, Gunnell D: Association 
of body mass index with suicide mortality: a prospective cohort study of 
more than one million men. Am J Epidemiol 2006, 163(1):1-8. 

39. Gao S, Juhaeri J, Reshef S, Dai WS: Association between body mass index 
and suicide, and suicide attempt among British adults: the health 
improvement network database. Obesity (Silver Spring) 201 3, 21 (3):E334-E342. 

40. Rowland ML: Self-reported weight and height. Am J Clin Nutr 1 990, 
52(6):1 125-1 133. 

41. Stommel M, Schoenborn C: Accuracy and usefulness of BMI measures 
based on self-reported weight and height: findings from the NHANES & 
NHIS 2001-2006. BMC Public Health 2009, 9(1):421. 

42. Shields M, Connor Gorber S, Tremblay MS: Estimates of obesity based on 
self-report versus direct measures. Health Rep 2008, 19(2):61-76. 

43. Murray CL, Walsh GW, Connor Gorber S: Using correction equations based 
on measured height and weight weakens associations between obesity 
based on self-reports and chronic diseases. Epidemiol Res Int 2013, 2013:7. 

44 Smith L, Brinton LA, Spitz MR, Lam TK, Park Y, Hollenbeck AR, Preedman ND, 
Gierach GL: Body mass index and risk of lung cancer among never, 
former, and current smokers. J Natl Cancer Inst 2012, 104(10):778-789. 

45. Kelly SJ, Lilley JM, Leonardi-Bee J: Associations of morbidity in the 
underweight. Eur J Clin Nutr 2010, 64(5)475-482. 

46. Tamosiunas A, Reklaitiene R, Radisauskas R, Jureniene K: Prognosis of risk 
factors and trends in mortality from external causes among middle-aged 
men in Lithuania. Scand J Pub Health 2005, 33(3):190-196. 

47. Kawachi I, Colditz GA, Stampfer MJ, Willett WC, Manson JE, Rosner B, Hunter DJ, 
Hennekens CH, Speizer EE: Smoking Cessation and Decreased Risks of Total 
Mortality, Stroke, and Coronary Heart Disease Incidence Among Women: A 
Prospective Cohort Study. In Smoking and Tobacco Control Monographs. Edited 
by National Institutes of Health. National Cancer Institut; 1997:531-565. 
http//cancercontrol.cancer.gov/brp/rCRB/monographs/8/m8_8.pdf 

48. Takata Y, Ansai T, Soh I, Akifusa S, Sonoki K, Fujisawa K, Awano S, Kagiyama 
S, Hamasaki T, Nakamichi I, Yoshida A, Takehara T: Association between 
body mass index and mortality in an 80-year-old population. J Am Geriatr 
Soc 2007, 55(6):913-917. 

49. Allison DB, Heo M, Flanders DW, Faith MS, Carpenter KM, Williamson DP: 
Simulation study of the effects of excluding early deaths on risk 
factor-mortality analyses in the presence of confounding due to occult 
disease: the example of body mass index. Ann Epidemiol 1999, 

9(2):1 32-142. 

50. Janssen I, Katzmarzyk PT, Ross R: Waist circumference and not body mass 
index explains obesity-related health risk. Am J Clin Nutr 2004, 
79(3):379-384 



doi:1 0.1 1 86/1 471 -2458-1 4-371 

Cite this article as: Roh et al.: Mortality risk associated with underweight: a 
census-linked cohort of 31,578 individuals with up to 32 years of follow-up. 

BMC Public Health 2014 14371 . 



